Three types of corrosion inhibitors consisting of sodium diphosphate (Na 2 H 2 P 2 O 7 ), sodium benzoate (NaC 7 H 5 O 2 ), and sodium tetraborate (Na 2 B 4 O 7 ) were evaluated to analyze their effectiveness to inhibit the aluminum alloy 3303 (UNS A93303) against corrosion, in water-ethylene glycol (C 2 H 6 O 2 ) mixture. Potentiodynamic polarization tests were carried out to study the effect of each chemical. The temperature of solutions was 88 ∘ C and the aluminum samples were coupled with five other metals consisting of mild steel, stainless steel, brass, copper, and solder to include the effect of galvanic corrosion. The results showed that sodium diphosphate can effectively protect the aluminum alloy 3303 in comparison with two other chemicals. The effect of thermal shocking on the corrosivity of water-ethylene glycol solution was also investigated. It was indicated that the corrosivity of water-ethylene glycol solution increases because of thermal shocking, which oxidizes the aqueous ethylene glycol. The corrosion rate of aluminum alloy 3303 coupled with the five metals in thermal shocked water-ethylene glycol solution is 142 mpy, while it is 94 mpy in fresh water-ethylene glycol solution.
Introduction
One of the main applications of aluminum alloy 3303 (UNS A93303) is in cooling systems of internal combustion engines as radiator, due to its lightness, high thermal conductivity, good corrosion resistance, and other interesting properties [1] . Considerable amount of heat is produced because of the function of combustion engines, which is needed to be removed [2] . Water is an attractive and well known coolant because of its availability and capability of heat transmission, which can pass through the cooling system circuit and remove the generated heat from the engine [2] . In order to prevent water from freezing in cold seasons, commonly an alcohol named ethylene glycol (C 2 H 6 O 2 ) is used along with water in the cooling systems [2, 3] . The water-ethylene glycol mixture can cause corrosion in different parts of cooling system due to oxidation of aqueous ethylene glycol during the use of coolant [4, 5] . Corrosion is aggravated at the functional temperature of combustion engines, which usually elevates the temperature of the coolant to nearly the boiling point of water [6] . This fact that different types of metals are galvanically coupled together in cooling systems is another source of promoting corrosion in these systems. Among the alloys used in a cooling system, the galvanic coupling is more dangerous for aluminum (Al), which is electrochemically weak in comparison to a lot of other metals [7] . Therefore, it is necessary to utilize a proper protection against corrosion [8] [9] [10] . Applying corrosion inhibitors along with the water-ethylene glycol mixture is a common and effective approach to prevent from corrosion of aluminum [11, 12] . A lot of researches have been done so far to nominate appropriate corrosion inhibitors to protect aluminum alloys in different conditions and environments [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In 2011, the effects of four mineral corrosion inhibitors consisting of sodium nitrite (NaNO 3 ), sodium nitrate (NaNO 2 ), sodium molybdate (Na 2 MoO 4 ), and sodium silicate (Na 2 SiO 3 ) on the corrosion behavior of aluminum in water-ethylene glycol mixture were studied. Results showed that aluminum is 2 International Journal of Corrosion protected in the presence of sodium nitrite and sodium molybdate [23] . Liu and Cheng studied the corrosion of automotive cooling system aluminum alloy in water-ethylene glycol solution in the presence of various ions [24] . They reported that a layer of aluminum-alcohol film is produced on the metal, which can protect the aluminum alloy from corrosion against different ions, depending on the ethylene glycol concentration [24] , although their results were regardless of ethylene glycol decomposition due to thermal shocks.
Economical and efficient corrosion inhibitors are widely needed by industrial sections. This need is especially critical for aluminum as extensively applicable alloy. In the current work, the effect of three chemicals consisting of sodium diphosphate (Na 2 H 2 P 2 O 7 ), sodium benzoate (NaC 7 H 5 O 2 ), and sodium tetraborate (Na 2 B 4 O 7 ), as the economical and available inhibitors on the corrosion behavior of 3303 aluminum alloy in water-ethylene glycol mixture were investigated. The potentiodynamic polarization method was applied for corrosion measurements. In this research, the studied aluminum samples were coupled with five metals consisting of mild steel, brass, copper, solder, and stainless steel to include the effect of galvanic corrosion. The results of aluminum corrosion studies in the presence of inhibitors were compared to that of without inhibitor as a reference state. Optical microscopy was applied to study the surface of the samples after corrosion tests. In addition, since thermal shocking is one of the routine conditions in the combustion engines and its effect on the corrosivity of coolant cannot be neglected, the effect of thermal shocking on the corrosivity of aqueous ethylene glycol was also studied.
Experimental Procedure
The studied metal was aluminum alloy 3303 containing (wt.%) 0.96 manganese, 0.637 iron, 0.43 zinc, 0.239 silicon, 0.064 copper, 0.025 titanium, and 0.024 magnesium. Five other metals consisting of mild steel, brass, copper, solder, and stainless steel, which are regularly used in the structure of cooling systems, were also prepared [23] . Each metal was cut in square shape with the dimensions of 2 × 2 cm 2 and thickness of 0.34 to 0.8 mm. Except one 2 × 2 cm 2 side of each sample, all other sides were coated by lacquer as a polymeric insulator. The solution was the mixture of hard water (based on the ASTM D 1384 standard) and 33 1/3 volume percent ethylene glycol. All the steps of sample pretreatment procedures and preparation of materials were done based on ASTM D 1384 standard [25] . Sodium diphosphate, sodium benzoate, and sodium tetraborate were also prepared to be added in the water-ethylene glycol mixture with the concentration of 1 wt.% as corrosion inhibitors. Therefore, the study was focused on the evaluation of the effect of each inhibitor with equal concentrations. The temperature of solutions in all tests was 88 ∘ C and the solutions were being circulated with the speed of 720 rpm during the measurements. The potentiodynamic polarization tests by saturated calomel electrode (SCE) were carried out on the aluminum samples based on ASTM G5 standard [26] . The samples were allowed to reach equilibrium state by immersing for 30 min before starting the . The surface of all tested samples was studied applying optical microscopy characterization method. In order to study the effect of thermal shocking on the corrosivity of aqueous ethylene glycol, the water-ethylene glycol mixture was being heated to 88 ∘ C, held at this temperature for an hour, and cooled to the room temperature, every day for 2 weeks. The result of potentiodynamic polarization test of the aluminum sample in this thermal shocked solution was then compared with that of the aluminum sample in a fresh water-ethylene glycol solution. All the potentiodynamic polarization tests were done twice to assure reproducibility.
Results and Discussion
In order to capture the corrosion current from only aluminum sample (but not the overall current of the 6 samples), an ammeter was applied between the connection of aluminum sample and the coupling junction, as shown in Figure 1 .
The effect of each inhibitor in water-ethylene glycol solution on the corrosion behavior of aluminum sample coupled with five other metals was evaluated separately. The results of potentiodynamic polarization tests for each chemical as corrosion inhibitor are shown in Figure 2 . Table 1 also shows the electrochemical parameters of the potentiodynamic polarization tests. i corr and E corr were calculated using the Tafel extrapolation technique.
. . Sodium Diphosphate. The curve related to the effect of sodium diphosphate in Figure 2 shows considerable passivation region and low amount of i pass (passivation current density). The corrosion potential (E corr ) was also observed to shift towards more noble potentials with respect to the reference state (the potentiodynamic polarization curve of aluminum sample in water-ethylene glycol solution without inhibitor), indicating the dominant anodic character of sodium diphosphate [27] . This anodic character was revealed by formation of a film on the surface of aluminum sample, which is shown in the related microscopic picture of the aluminum sample in Figure 3 . In addition, i corr (corrosion current density) for the curve related to sodium diphosphate is also less than that of the reference state, as shown in Table 1 , indicating that the corrosion rate has been decreased. Based on the observed effects of sodium diphosphate, it is inferred that this chemical can be an appropriate candidate as a corrosion inhibitor of aluminum alloy 3303 in waterethylene glycol solution.
. . Sodium Benzoate. The potentiodynamic polarization curve related to sodium benzoate in Figure 2 does not show considerable passivation region. Very small intermittent passivation regions can be seen in the curve, which are the indications of unstable film formation on the surface of aluminum sample. Based on the fluctuations in anodic curve and comparing with the related microscopic picture in Figure 3 , it is construed that the formed film on the aluminum surface is not stable and cannot protect the sample against corrosion. Comparing the potentiodynamic polarization curve related to sodium benzoate with the reference curve in Figure 2 , it is shown that the curve related to sodium benzoate has shifted towards more noble potentials. This indicates the dominant anodic character of sodium benzoate in these conditions, which led to the nonprotective film formation. The slopes of the anodic and cathodic curves do not show considerable change with that of the reference state. This suggests that the presence of sodium benzoate does not alter the mechanism of reactions happening in the anode and cathode [28] . Based on Table 1 , i corr has been increases after presence of sodium benzoate, which is an indication of corrosion rate increase.
. . Sodium Tetraborate. The potentiodynamic polarization curve related to sodium tetraborate in Figure 2 does not show any passivation region. Base on Table 1 , i corr has also been increased with respect to the reference state, which is an indication of corrosion rate increase. The microscopic picture of the aluminum sample in contact with the solution containing sodium tetraborate also shows corrosion signs on the sample surface, as illustrated in Figure 3 . Thus, it is revealed that sodium tetraborate cannot function as a proper corrosion inhibitor of aluminum alloy 3303 in these conditions. Since E corr has shifted towards negative potentials, it is inferred that the cathodic behavior of sodium tetraborate is dominant.
It is worth noting that the dynamic conditions in the experiments can greatly prevent the adsorption of the inhibitors on the aluminum surface [21] . It means that the protective effect of inhibitors is expected to be increased in the static conditions.
. . e Effect of ermal Shocking on the Corrosivity of WaterEthylene Glycol Solution.
The effect of thermal shocking on the corrosivity of water-ethylene glycol solution was studied and the results were compared with that of the corrosivity of fresh water-ethylene glycol solution, as shown in Figure 4 . Based on the potentiodynamic polarization curves in Figure 4 , the corrosivity of water-ethylene glycol solution has been increased after exposure to thermal shocking process. The corrosion rate of aluminum sample and also E corr are higher in the thermal shocked solution in comparison to the fresh solution. The reason is related to oxidation of water-ethylene glycol solution due to thermal shocks, which leads to produce highly corrosive glycolic acid [5, 29] . Figure 3 shows the severe pitting corrosion on the surface of aluminum sample after the potentiodynamic polarization test of aluminum alloy 3303 in the thermal shocked waterethylene glycol solution. Figure 5 illustrates a comparison between corrosion rates of the aluminum alloy 3303 in different solutions. In this Corrosion Penetration Rate (CPR) is calculated based on mils per year (mpy) according to the formula below:
in which 푐표푟푟 is corrosion current density ( A/cm 2 ), M is atomic mass (g/mol), is density of the sample (g/cm 3 ), and n is oxidation state.
Reduction of i corr and corrosion rate has happened for the solution containing sodium diphosphate, which indicates the effectiveness of this chemical as corrosion inhibitor in these conditions. In addition, the corrosion rate has been increased for the aluminum sample in the thermal shocked solution, which is due to the oxidation of ethylene glycol because of thermal shocking.
Conclusion
Corrosion inhibitors are necessary to be added to the coolant in order to protect the metallic parts of the cooling system against corrosion. The effectiveness of added corrosion inhibitors in the functional environment and conditions of cooling system is critical. According to the results of electrochemical tests and considering the microscopic pictures, it was revealed that sodium diphosphate can protect the aluminum alloy 3303, coupled with five other metals consisting of mild steel, stainless steel, brass, copper and solder, in water-ethylene glycol solution in the working temperatures of internal combustion cooling systems. The inhibition effect of sodium diphosphate on the aluminum in water-ethylene glycol solution can be due to forming a stable passive film on the surface of aluminum. It was also shown that the thermal shocking can considerably affect the corrosivity of solution. It was proved that thermal shocking will increase the corrosivity of water-ethylene glycol solution on the aluminum alloy 3303 through oxidation of aqueous ethylene glycol. This result demonstrates the real conditions, International Journal of Corrosion in which thermal shocking of the coolant happens along with the engine turning on and off.
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